Purpose: Cognitive impairment and reduced quality of life is a common condition in patients with heart failure (HF). Percutaneous mitral valve repair using (PMVR) MitraClip (MC) has emerged as a promising interventional tool, reducing all-cause mortality and hospitalization as well as increasing cognitive functioning and quality of life. However, the benefit of HF patients with severely depressed cognitive functioning remains unknown.
Introduction
Systolic heart failure (HF) is a major cause of morbidity and mortality worldwide [1, 2] . The disease is incurable and progressive and exhibits a 5-year mortality of ~ 50% [1, 2] . For more than 10 years, it has been known that the occurrence of severe mitral valve regurgitation (MR) aggravates cardiac remodeling, exacerbates clinical symptoms and is an independent negative predictor of mortality in HF [3] . Moreover, HF patients commonly display burdensome psychosocial as well as cognitive symptoms, including impaired quality of life, concentration and alertness [2] . Recent studies, applying elaborate methodological paradigms to assess cognitive functioning, have confirmed an association between the severity of HF and cognitive impairment, particularly for the cognitive domains of memory and executive functioning [4, 5] .
Percutaneous mitral valve (MV) repair (PMVR) using MitraClip is an established technique to treat severe mitral valve regurgitation (MR) in high-risk surgical patients after interdisciplinary discussion [1, 2, [5] [6] [7] [8] [9] [10] [11] . PMVR was recently shown to reduce all-cause mortality as well as hospitalization in patients with severe systolic HF [12] . Additionally, PMVR results in significant improvement of figural memory and planning ability as well as psychosocial functioning in HF patients [13] . Since there is a risk of withholding optimal medical treatment to very sick HF patients and also a discussion about patients being "too sick" for PMVR, we aimed to assess the effects of PMVR using the MitraClip on psychological and cognitive functioning as compared with the initial severity of psychological-and cognitive malfunctioning prior to PMVR.
Materials and methods
In a pre-post-interventional controlled trial, 40 patients with end-stage HF and severe mitral valve regurgitation were assessed pre-(1 day before; t0) and post-(6 weeks after; t1) MC intervention (MC; n = 40). We choose a 6-week observation period, since there is evidence that patients recover from the minimal-invasive MC procedure within 4 weeks [14] and to exclude unrelated effects which might occur within a longer period of time. The sample consisted of patients referred to the outpatient setting of the Heart Failure Section of the Department of Cardiology, Angiology and Pneumology of the Medical Hospital, University of Heidelberg between 2014 and 2016 where all examinations including the MC procedure and cognitive testing were carried out. General inclusion criteria for the MC intervention were suffering from ischemic or dilated cardiomyopathy showing an ejection fraction of 35% or lower or being categorized as high-risk surgical HF patients due to reduced systolic function of below 45% combined with a Society of Thoracic Surgeons' (STS) score of > 8%. The main exclusion criteria were morphological properties of the MV that would make MitraClip implantation unlikely or impossible as published previously by Feldman et al. [14] . All patients received stable optimized individual target heart failure medication at least for 3 months prior to MC intervention. We assessed questionnaires on sociodemographic data (age, sex, school level), verbal-and education-related intelligence, eye vision, and handedness [15] , followed by the participants' psychometric and neuropsychological assessment. Total testing time took approximately 150 min for both pre-assessment (t0) and re-assessment (t1). All participants were asked to avoid eating and drinking caffeinated beverages for 1 h before and smoking nicotine or consuming alcohol for 24 h prior to assessment. For cognitive testing, general inclusion criteria were right-handedness, normal or correctedto-normal vision, and native German language. Written informed consent was obtained from all participants as approved by the local ethics committee of the University of Heidelberg (No. S-243/2013).
The Cognitive Basic Assessment test set (COGBAT) from the Vienna test system [16] efficiently assesses the key neuropsychological dimensions of attention, memory, executive functions, and processing speed and has been validated across neurological and psychiatric populations [17, 18] . The tests are presented in a fixed order and take 60 min to complete. With regard to reliability, internal consistencies expressed as Cronbach's α = 0.70-0.92 can be determined as adequate to excellent. The assessed COGBAT cognitive dimensions are described in detail in our previous research [13] . Moreover, the COG-BAT is cross-test normed enabling the comparison of individual scores to representative sample scores for the following age groups (in years): '16 to 30' (N = 127), '31 to 50' (N = 151), and '51 to 80' (N = 141).
We assessed the Patient Health Questionnaire (PHQ-D; German version [19] ), which is used to diagnose common mental health disorders. For the purpose of this study, the scores of the 9-item depression module are reported (PHQ-9; [20] ). The PHQ-9 depression module is designed to assess depressive symptoms, disorder severity, and symptom development [21] . It shows very good validity [22, 23] as well as sensitivity for change [24] measures and has yielded good results in testing depression in patients with chronic somatic diseases [25] . Mental and physical health-related quality of life was measured using the 36-item Short-Form General Health Survey (SF-36; German version [26] ), which shows good reliability and internal consistency, and satisfying discriminant and convergent validity [26] . In this paper, the term psychosocial functioning refers to the degree of [27] ; see Table 1 ) at t0. The MWT-B comprises 37 rows of words, each of which consists of one German word which is colloquially, scientifically, or eruditely familiar and four nonsense words.
Participants are required to recognize familiar words that exist in the German language. Scores are based on the number of correctly identified words (maximum of 37). Investigations on re-test reliability have revealed high correlations [28] .
A detailed overview of clinical, echocardiography, and invasive haemodynamic data as well as comorbidities is summarized in Table 1 . MC percutaneous edge-to-edge mitral valve repair procedure was performed under general anesthesia and under transesophageal echocardiographic guidance. Quantification of mitral regurgitation was carried out using transthoracic echocardiography, transesophageal echocardiography, left ventricular angiogram and invasive measurements of pulmonary artery pressure and left atrial pressure as described previously [29] . After atrial transseptal puncture, mitral leaflets were approximated using the 24-French MitraClip ® device (Abbott Vascular, Santa Clara, CA, USA). In the case of insufficient mitral regurgitation reduction with a single device, the device may either be removed or a second device placed [14, 29] . Hemostasis was achieved using the ProGlide ® device (Abbott Vascular, Santa Clara, CA, USA) as previously described by Geis et al. [30] . After the procedure, patients were transferred to the intensive care unit for at least 24 h.
Data were analyzed using SPSS (Version 25; SPSS Inc., Chicago, IL, USA). First, dependent t tests (t0 vs. t1) were conducted to reveal improvements of cognitive performance in the MC group. A p value < 0.05 (two tailed) was considered statistically significant. Second, to determine predictors of the detected cognitive performance improvements, bivariate linear regressions were calculated (MC group; N = 40) with cognitive performance improvements (ΔT: t1-t0) as dependent variable and all key variables pre-intervention (t0) as independent variables. To minimize Type I errors, a Bonferroni familywise α error correction was applied on one-tailed p values (6-test family; corrected threshold p ≤ 0.008). Furthermore, repeated measures MANOVAs were conducted to explore possible group differences for patients with ischemic vs. dilated cardiomyopathy (ICMP vs. DCMP) of figural memory, planning ability, and cognitive flexibility with the within-subject factor 'Time' (t0 vs. t1). Table 1 shows participants' baseline data. The MC patient group ranged from 31 to 86 years (M = 69.78, SD = 11.3), and 47.5% were female. With regard to the underlying pathogenesis of the existing HF, 52.5% of our patients (n = 21) show HF due to ischemic cardiomyopathy (ICMP) and 47.5% of our patients (n = 19) suffered from dilated cardiomyopathy (DCMP). At the time of assessment, six of the 40 HF patients received psychopharmacological or opioid medication (antidepressants n = 3, benzodiazepines n = 2; opioid analgesics n = 1).
Results

Participant baseline data
Comparison of cognitive functioning before and after the MitraClip intervention
As depicted in Table 2 Table 3 and Fig. 1 ). For 'planning ability' , 78% (t0) versus 41.5% (t1), and for 'figural memory' , 73.2% (t0) versus 58.5% (t1) obtained test scores below the 45th percentile compared to the COGBAT normative sample; this means that cognitive performance was below the normal range before the MC intervention and that particularly planning ability improved showing test scores within the normal range post-MC intervention (median = 65). Table 4 depicts bivariate linear regressions of baseline scores (t0) in (i) cognitive functioning (i.e., planning ability, figural learning, cognitive flexibility), and (ii) psychosocial functioning (i.e., PHQ-9, SF-36 psychological well-being, SF-36 physical well-being) and age with cognitive performance improvements (t1-t0) due to the MC intervention. While psychosocial functioning and age were not associated with improvements in cognitive functioning, impaired planning ability, figural memory as well as cognitive flexibility at t0 were associated with better cognitive functioning. Cognitive performance was not controlled for depression, as no correlations were found for pre-post-changes in PHQ-9 scores and pre-postchanges in memory and executive function (all p > 0.05). 
Predictors of change in cognitive functioning due to the MitraClip intervention
Comparison of psychological assessment before and after the MitraClip intervention
Cognitive performance before and after MitraClip intervention: ICMP vs. DCMP
Repeated MANOVAs were separately conducted for various cognitive domains with the between-subject factor 'Group' (ICMP; n = 21 vs. DCMP; n = 19) and the withinsubject factor 'Time' (t0 vs. t1). There were no significant effects.
Discussion
The present study examined cognitive functioning in HF patients pre-and post-MC intervention. In line with our previous results [13] , figural memory and executive functioning were significantly increased due to percutaneous mitral valve repair (PMVR) using MitraClip in HF patients. Our results showed that HF patients show additional improvement in cognitive flexibility, reflected by the improved TMT B test scores 6 weeks after PMVR. Most importantly, the evaluation of cognitive functioning predictors revealed that poorer baseline figural memory and executive functioning correlated significantly with greater cognitive performance improvements, in the respective domains following the MC intervention irrespective of medical and psychological covariates.
The pathophysiology of impaired cognitive functioning seems to be diverse in elderly HF patients as reflected by their regular decline in decreased cognitive functioning 'per se' [31, 32] due to age-related changes in the brain [33] [34] [35] . Reduced cognitive reserve in the elderly is linked to a general higher risk of cognitive impairment [36] . HF is an additional risk factor for various disorders like dementia [37] or multiple cerebral emboli [38, 39] . In addition, post-operative cognitive dysfunction affects up to 54% of patients shortly after cardiac surgery [40] . Therefore, one could assume that elderly HF patients with poorer cognitive ability may fail to benefit from the MC intervention at a cognitive level and are particularly vulnerable to cognitive impairment after the intervention [41] . However, in our sample age did not correlate with baseline scores and cognitive outcome post-MC intervention. In contrast, our results suggest that the age of HF patients plays a minor role, yet HF patients with poorer baseline cognitive functioning benefit the most with regard to their cognitive performance post-MC intervention.
One study using magnetic resonance imaging in 13 high-risk patients undergoing percutaneous mitral valve reconstruction reported that the MitraClip procedure resulted in newly acquired cerebral lesions in 9 out of 13 patients [42] . Similarly, others reported peri-interventional thrombus formation and stroke [43] [44] [45] . However, in large registries the incidence of clinical relevant stroke within 30 days after MC is low and varies between 0.7 and 2.6% [46] [47] [48] [49] . Furthermore, we recently published a very low rate (0.2%; 1/470 patients) of 30-days peri-interventional stroke in patients treated in our hospital due to temporary oral anticoagulation for 30 days using coumadin [50] . Therefore, we might speculate that avoiding peri-interventional stroke due to temporary oral anticoagulation using Coumadin for 30 days might support our findings of improved cognitive function.
The perfusion hypothesis states that insufficient blood circulation underlies cognitive deficits in patients with chronic heart failure [13] . Our patients suffered from significant systolic heart failure. Efficacy of the left ventricular (LV) function is further compromised in our patients due to severe mitral [29] . Increased cognitive performance appears due to the reduction of mitral regurgitation but not due to improvement of heart failure. With regard to the underlying pathogenesis of HF, our results revealed that patients with ICMP vs. DCMP equally improved their cognitive as well as mental functioning. Another important issue is whether the observed effects on cognitive function might be a consequence of different medical therapy post-MC intervention. With regard to this aspect, all patients received stable optimized individual target heart failure medication at least for 3 months prior to MC intervention. As previously published, no significant alteration in HF medication (regarding beta-blockers, ACE inhibitors/ angiotensin receptor blockers and aldosterone receptor inhibitors) was observed within a 12-month post-MC observation period [29] . Thus, improvement of cognitive function is likely to be independent of medication in our study sample.
In a meta-analysis, McDermott et al. [51] found significant correlations between depression severity and the cognitive domains executive function, processing speed and episodic memory. Likewise, an association between depression symptoms, assessed by the Beck Depression Inventory II, and impaired executive functioning, measured by the Frontal Assessment Battery, has been shown for older patients with HF [52] . Hence, the examination of cognitive performance in HF patients requires careful consideration of psychological well-being, particularly with respect to the assessment of depression symptoms. Most importantly, psychosocial functioning (i.e., depression and psychological/physical well-being) did neither predict baseline cognitive functioning nor cognitive performance outcomes in the MC group, which is in line with previous results [53] , since depressive symptoms in the current study are "sub-clinical" and considered as a simple somatically caused side effect of HF.
Limitations
A shortcoming of the present study is the small sample size which might have limited power to detect significant effects. In future studies, additional measurement times and longer intervals between assessments might be beneficial in the investigation of the MC intervention's long-term effects on both psychosocial and cognitive parameters.
Conclusions
Our results show that (1) percutaneous mitral valve repair using the MitraClip is an efficient tool to improve both cognitive and psychological outcomes which might be caused by haemodynamic changes in HF patients irrespective of the pathogenesis of HF. Second (2) HF patients with impaired baseline scores in cognitive performance benefited most from the MitraClip procedure, showing improved executive function with post-intervention scores within the normal range. Lastly, (3) after careful interdisciplinary discussion, the MitraClip procedure should not be withheld from elderly HF patients-despite the evidence of reduced cognitive reserve. Authors' contributions VT, CN and SP designed the analyses and were the major contributors in writing the manuscript. JHS, AC, MW, NG, PWR contributed in writing the manuscript and interpreted the analyses. HCF, HAK and WH edited and helped to the manuscript. All authors read and approved the final manuscript.
